To evaluate the effects of intravitreal ranibizumab on retinal function and morphology and to identify a correlation between anatomy and function by using spectral domain optical coherence tomography (SDOCT). METHODS. Twenty-three patients affected by neovascular AMD received three injections of ranibizumab in three consecutive months and were monitored by assessment of best corrected visual acuity (BCVA), central retinal sensitivity (CRS) and morphologic changes at the level of the retina and the retinal pigment epithelium (RPE). The morphologic changes, identified by SDOCT segmentation, were mean retinal thickness (MRT), central retinal thickness (CRT), and the pathologic area (lesion area) of the RPE. RESULTS. BCVA increased from a mean 60.1 Ϯ 8.7 letters at baseline to 67.0 Ϯ 10.9 at month 3 (P ϭ 0.0003). The CRS at the 0°position increased from 2.8 Ϯ 3.1 dB at baseline to 4.0 Ϯ 5.7 at week 1, remaining stable until month 3. Absolute scotoma size decreased continuously from baseline to month 3, in a mean of 5.3 Ϯ 5.8 to 3.6 Ϯ 4.0 test point locations. By SDOCT, MRT decreased from 308.6 Ϯ 25.9 m at baseline to 268.4 Ϯ 22.4 m at month 3 (P ϭ 0.0001). CRT was 365.8 Ϯ 84.9 and 254.9 Ϯ 95.1 m at month 3 (P ϭ 0.0002). The mean RPE lesion area was 6.0 Ϯ 3.0 mm 2 at baseline, which decreased to 5.0 Ϯ 3.1 mm 2 at month 3 (P ϭ 0.115). The only significant correlation was identified between the lesion area and CRS. CONCLUSIONS. In ranibizumab therapy, the condition of the RPE lesion may be more relevant for visual function than the usual OCT parameters, retinal thickness. (Invest Ophthalmol Vis Sci.
T he development of choroidal neovascularization (CNV) secondary to age-related macular degeneration (AMD) is known to be triggered by the release of vascular endothelial growth factor (VEGF). [1] [2] [3] As Bruch's membrane and the choroidal microvasculature age, the metabolic and antioxidative mechanisms become insufficient. Inflammatory as well as oxidative conditions lead to an increased expression of VEGF and other angiogenic factors. 4 The resultant fibrovascular proliferation (i.e., CNV) induces the symptoms of exudative AMD and initiates a destructive sequence of events within the retina. The eradication of the pathogenic neovascular substrate therefore appears to be an adequate therapeutic approach to saving visual function.
The knowledge about the pathophysiologic role of VEGF and other proangiogenic mediators led to the development of inhibitors against these angiogenic factors. Efficacy and safety of intravitreal application of pegaptanib (Macugen; Pfizer, New York, NY), 5, 6 and ranibizumab (Lucentis; Genentech, South San Francisco, CA) [7] [8] [9] have already been shown in clinical studies.
Ranibizumab, a humanized monoclonal antibody fragment, has been shown to be an effective inhibitor of all VEGF-A isoforms. 7, 10 Several clinical studies have shown ranibizumab to be a safe and very effective treatment for choroidal neovascularization. 9, [11] [12] [13] In these studies, the most pronounced effect on CNV leakage, retinal edema, and functional rehabilitation seems to occur within the initial therapeutic phase, 8, 9 while the subsequent maintenance phase typically demonstrates a stable condition without substantial improvement or loss in visual function. However, the suggested monthly retreatment regimen represents a substantial burden for patients, treating doctors, and healthcare budgets. Therefore sensitive diagnostic parameters are needed to identify adequate biomarkers to guide (re)treatment indications. In the PrONTO study (Prospective OCT Study with Lucentis for Neovascular AMD), OCT was used to determine the effect of ranibizumab therapy on retinal structures and the need for retreatment. Investigators described an immediate therapeutic effect on retinal anatomy (i.e., a decrease in retinal thickness), as well as an associated increase in central retinal function, particularly at treatment initiation. 14 Consequently, an evaluation of the early treatment response is of particular importance in understanding the impact of specific morphologic changes on neurosensory function and in identifying anatomic parameters offering a prognostic value for visual recovery. However, the role of central retinal thickness (CRT) by OCT is still discussed, and the data on correlation of CRT and visual acuity appear contradictory. 15 The main disadvantage of the current OCT technology is the fact that retinal thickness data are being computed from only six radial scans. The recently introduced spectral domain (SD)OCT technology offers the advantage of raster scanning the entire macular area at an axial resolution of ϳ5 m. Parameters such as retinal thickness and retinal volume are thus computed from up to 256 neighboring slices without the need of surrogate interpolation. The acquisition of a detailed dataset of the posterior pole should facilitate the identification of morphologic parameters that realistically correlate with visual function during antiangiogenic therapy. The three-dimensional, high-resolution modality facilitates the identification of additional morphologic features by using segmentation algorithms to detect not only retinal but also RPE disease. Hence, the underlying condition of retinal leakage (i.e., the neovascular RPE lesion) can be identified and quantified in its morphology and extension. Taking advantage of this novel method of image acquisition and retinal layer segmentation, the present study was designed to identify the specific anatomic effects of intravitreal ranibizumab therapy in patients with CNV secondary to AMD. Furthermore, an exact evaluation of visual function (i.e., visual acuity and central retinal sensitivity), was performed and correlated to the OCT-morphologic parameters.
METHODS
From January to August 2006, 53 patients of the retina service at the Department of Ophthalmology and Optometry, Medical University of Vienna, were screened. Of these 29 patients fulfilled the inclusion criteria and were included in the study, but only 23 eyes of 23 patients were included into the present analysis. Six patients were excluded, either because follow-up (3 months) was incomplete or OCT scan quality was not sufficient at all visits, precluding reliable analyses. The protocol adhered to the tenets of the Declaration of Helsinki and was approved by the local ethics committee. Written informed consent was obtained from all individuals after a detailed discussion of the nature and possible consequences of the study procedures.
Patient Eligibility
Patients aged 50 years or older, showing angiographic evidence of CNV secondary to AMD were included in the study. Baseline fluorescein angiography was performed using the HRA2 (Heidelberg Engineering, Dossenheim, Germany) after intravenous injection of a 5% fluorescein solution. All exudative lesion types-predominantly classic, minimally classic, and occult with no classic components-were permitted. The best corrected visual acuity (BCVA) score, assessed by using the Early Treatment Diabetic Retinopathy Study (ETDRS) protocol, ranged between 24 and 74 letters. Previous photodynamic therapy, transpupillary thermotherapy, and antiangiogenic or retinal laser treatment were exclusion criteria. Patients with media opacities, a pigment epithelial detachment or hemorrhage larger than 50% of the lesion as well as patients with subfoveal fibrosis, a history of submacular surgery or uncontrolled glaucoma or CNV due to causes other than AMD were also excluded.
Ranibizumab Treatment
All included patients received standard intravitreal injections with ranibizumab at baseline and routinely at months 1 and 2. Under sterile conditions, a volume of 0.05 mL (0.3 mg) ranibizumab was injected intravitreally after topical anesthesia using 2% oxybuprocaine and conjunctival instillation of 5% povidone iodine drops. Patients were instructed to self-administer gentamicin eye drops daily for 1 week after injection.
Assessment of Retinal Function
Functional retinal changes were assessed by testing BCVA at baseline, week 1 and months 1, 2, and 3. Refraction and BCVA scores on ETDRS charts were documented.
At the same visits, microperimetry was performed (Microperimeter MP-1; Nidek Technologies, Padova, Italy), a fundus-controlled device including an eye-tracking system that allows for fully automated assessment of central macular sensitivity. 16 -19 Furthermore, a delineation of absolute scotoma was performed. The stimulation pattern consisted of 25 stimulation loci: a central point (0°) and two circles of 12 points each at 3.5°and 7.9°to specifically test for a central (0°), paracentral (3.5°), and eccentric (7.9°) sensitivity. The stimulus-size was Goldmann III, presented for a time-interval of 200 ms. The background color was white and the background luminance was 1.27 cd/m 2 .
Differential threshold values were obtained with a 4-2-1 staircase strategy. A red 7°circle was used as fixation the mark. If the patient was unable to identify the 7°circle, the size was increased in 1°steps until stable fixation was achieved.
Documentation of Retinal and RPE Morphology
Distinct morphologic retinal changes were identified by high-resolution, spectral-domain optical coherence tomography (SDOCT) at baseline, week 1, and months 1, 2, and 3 using a standardized protocol: Each eye was scanned at least twice during the examination and instantly reviewed regarding signal strength, scan centration, and eye movements. Only the best scan out of this set was included in the analysis. All examinations were performed using a Cirrus-prototype (Carl Zeiss Meditec Inc., Dublin, CA). In contrast to the standard timedomain technology used by conventional Stratus OCT, the spectral domain technology of the prototype allowed the acquisition of a complete three-dimensional dataset of the posterior pole (6 ϫ 6 mm) with an axial resolution of 5 m. The scanning module used a broadspectrum superluminescent diode (SLD) with an 840-nm center wavelength and was capable of acquiring 27,000 A-scans/s. Simultaneous fundus observation was achieved via a line-scanning laser ophthalmoscope (LSLO) consisting of an SLD with a 750-nm wavelength. , and clinical applicability. 20 As shown in Figure 1 , the algorithm determined the internal limiting membrane (ILM) as the inner and the RPE as the outer border for its calculation of morphologic parameters. Sub-and intraretinal fluid, for example, would be included in the MRT and CRT measurements, whereas sub-RPE fluid would not be included. Every scan was evaluated regarding scan centration compared with that in the previous visit (where applicable) and quality of the segmentation. Errors of the segmentation algorithm were accepted if less than 5% of the B-scans were affected. Scans showing elevations of the RPE outside of the actual lesions were not accepted to avoid distortion in the calculation of the actual lesion size.
Statistical Analysis
The Mann-Whitney U and ANOVA tests were used for statistical analysis of changes in BCVA, in retinal threshold sensitivity, and in MRT, CRT, and lesion area compared with baseline. Associations between parameters were tested by calculating Pearson's correlation coefficient. P Յ 0.05 or less was considered statistically significant. If not indicated otherwise, all values are given as the mean Ϯ SD.
RESULTS
Twenty-three eyes of 23 patients referred with active CNV due to AMD were included to the analysis; 13 (56.5%) were men, 10 (43.5%) were women. The mean age was 77.6 Ϯ 7.6 years. Nine had predominantly classic lesions, seven had minimally classic ones, and seven had occult lesions. Table 1 shows an overview of selected parameters for each patient.
Effect of Ranibizumab Treatment on Visual Parameters
BCVA data showed an immediate and significant improvement from a mean of 60.1 Ϯ 8.7 letters at baseline to 65.5 Ϯ 8.7 letters (P ϭ 0.000,002) after 1 week and increased to 67.0 Ϯ 10.9 letters at month 3 (P ϭ 0.0003, Fig. 2 ). The overall mean retinal sensitivity of the entire tested field was 5.8 Ϯ 3.4 dB at baseline. An increase to 6.6 Ϯ 3.4 (P ϭ 0.097) after 1 week was documented that slightly decreased at month 3 to 6.2 Ϯ 2.9 dB (P ϭ 0.382). However, a separate analysis of the center test location (0°) and the test locations at 3.5°and 7.9°apart from the foveal center revealed a different pattern: At the center position (0°) the mean retinal sensitivity increased from 2.8 Ϯ 3.1 dB at baseline to 4.0 Ϯ 5.7 at week 1, remaining stable until month 3 with 4.0 Ϯ 5.2 dB; 3.5°apart from the fovea, a similar pattern was observed. The retinal sensitivity increased from 4.6 Ϯ 3.5 dB at baseline to 5.6 Ϯ 4.1 dB at week 1, again remaining stable until month 3 at 5.6 Ϯ 3.2 dB. At the 7.9°location a discrete decrease in mean retinal sensitivity was observed. The differential light threshold was 7.2 Ϯ 3.7 dB at baseline and showed a slight increase to 7.8 Ϯ 3.3 dB at week 1; but after 3 months, extrafoveal retinal sensitivity was lower than baseline at 6.9 Ϯ 3.0 dB (Fig. 3) .
The size of the absolute scotoma decreased continuously from baseline until month 3 from a mean of 5.3 Ϯ 5.8 to 3.6 Ϯ 4.0 test point locations (Fig. 4) . At baseline 91.3% (n ϭ 21) of all patients demonstrated an absolute scotoma at a level of Ն1 test point. At month 3, this proportion of eyes had decreased to 79.3% (n ϭ 18). 
SDOCT Analysis of Retinal and RPE Morphology
MRT of the central 6 ϫ 6-mm area of the retina decreased from 308.6 Ϯ 25.9 m (median: 309.8) at baseline to 285.7 Ϯ 25.9 m after 1 week and further to 268.4 Ϯ 22.4 m at month 3 (P ϭ 0.0001, Fig. 5, boxes) . CRT at the fovea (i.e., the central 1 mm, was 365.8 Ϯ 84.9 m at baseline), decreased to 298.2 Ϯ 84.0 m after 1 week, and was at 254.9 Ϯ 95.1 m at month 3 (P ϭ 0.0002; Fig. 5 , circles). A mean lesion area (i.e., area of pathologic RPE) deviation of 6.0 Ϯ 3.0 mm 2 was identified at baseline, whereas a decrease to 5.2 Ϯ 3.1 and 5.0 Ϯ 3.1 mm 2 was documented at week 1 and month 3, respectively (P ϭ 0.115, Fig. 6 ).
Correlation of Morphologic and Visual Parameters
A representative composite of associated effects on retinal thickness, area of RPE lesion, and retinal sensitivity is presented in Figure 7 . Over time, retinal edema resolved progressively, the RPE lesion became flatter, and the area of RPE lesion demonstrated an obvious change in anatomic configuration and size. Accordingly, BCVA and retinal sensitivity, as functional parameters, improved. Analysis of the relationship between VA results and the parameters acquired by SDOCT revealed no significant influence of any of the common OCT parameters such as MRT and CRT on visual function. The only significant correlation between morphology and function was found between RPE lesion area and central retinal sensitivity (Table 2) .
DISCUSSION
The purpose of this study was to investigate the direct effects on retinal and RPE morphology as well as visual function after intravitreal ranibizumab therapy for CNV in AMD. The immediate effect of intravitreal ranibizumab on retinal anatomy, as seen by the standard OCT technology, has been proven by Fung et al., 14 who reported an immediate resolution of suband intraretinal fluid. Since the information on retinal and subretinal morphology is limited by the low resolution and particularly the hardly reproducible location of a few radial scans of conventional OCT, the purpose of the present study was to use the novel spectral-domain technology offering an all-location raster scanning mode, improved resolution, and segmentation algorithms for retinal as well as RPE layers. Accordingly, in our study population, a rapid decrease in all FIGURE 2. BCVA. Visual acuity data (ETDRS letters) revealed a rapid and continued increase during the 3-month observation period after administration of injections in three consecutive months. parameters of pathologic retinal morphology (i.e., central and mean retinal thickness), was observed. However, a more comprehensive insight into treatment-related therapeutic effects becomes available using currently available SDOCT methods. Most important, the precise geography of retinal thickening becomes obvious since all obtained raster scans provided real on-site measurements without the imprecision of extrapolation of missing data. 21 However, although certain limitations inherent to all studies involving OCT measurements remain (i.e., computed parameters are dependent on scan centration and motion artifacts), they are minimized through the shorter acquisition times of the SDOCT system, enabling a more precise calculation. A second and completely novel aspect is clearly the identification of the morphology of the primary lesion site. A delineation of the lesion configuration and exact extension of the subretinal disease is not accessible with any standard OCT system. Clearly, the underlying RPE disease harboring the CNV lesion reflects the pathophysiology of neovascular AMD much more than it reflects the secondary consequences, such as intraretinal edema and subretinal fluid. Identification of the characteristics of the subretinal lesion offers novel insight into the biology of neovascular AMD and the mechanisms of anti-VEGF therapy. In our study, it appears that ranibizumab rapidly diminishes the leakage activity of the neovascular net and at a slower pace has a direct impact on the morphology of the RPE lesion as the subretinal lesion flattens progressively and the abnormal RPE area decreased in size during the initial treatment phase when visual function is affected positively in 80% of treated eyes. 9 However, in none of the tested eyes did the RPE lesion disappear completely. Obviously, resolution of fluid within the diseased area of the RPE may play a role in the morphologic change of an RPE prominence, and it remains to be proven that the area and surface contour of the identified pathologic area in the RPE is truly consistent with the CNV lesion itself. In a separate study, we performed an analysis of 61 baseline CNV cases and scans including corresponding angio- cular complex in cases of classic CNV and the fibrovascular RPE elevation in cases of occult CNV components. However, these were selected cases depending on good compliance by the patient. Only patients showing fairly stable fixation and no head movement were included in the present analysis to ensure proper scan centration and to avoid artifacts and subsequent algorithm errors. Furthermore, multiple scans were taken at each visit and only the best one was selected, because all the aforementioned issues could otherwise seriously influence the data. In the clinical routine, a manual correction of the segmentation might be necessary. Overall, the change in lesion morphology was consistently monitored by SDOCT and revealed a progressive decrease in prominence and area.
The most intriguing aspect of our findings is the role of RPE lesion morphology in visual function. The only morphologic feature, which was found to correlate with retinal sensitivity as a parameter of visual performance, was the size of the abnormal area. No correlation was noted between morphologic parameters and ETDRS visual acuity. It could therefore be hypothesized that the condition of the RPE as measured by high-resolution OCT may be an indirect indicator of overlying photoreceptor dysfunction 22 and is thus more important for visual function than frequently used parameters such as central retinal thickness or retinal volume.
Visual function includes multiple aspects with respect to the type of psychophysical measurement such as BCVA testing, scotometry, and multifocal ERG. Although previous studies concentrated on either visual acuity or contrast sensitivity, our study also monitored retinal sensitivity as assessed by funduscontrolled microperimetry. A discrepancy between the recovery of visual acuity and retinal sensitivity after ranibizumab therapy was noted: although VA showed a remarkable improvement, the overall retinal sensitivity did not recover consistently. The discrepancy between VA and CRS was attributable to the possible learning process of visually impaired patients, in which a shift of the preferred retinal locus (PRL) has been described. 23 Thus, VA scores can be quite good, whereas higher order visual functions such as reading remain impaired. 24 The high-resolution SDOCT offers an important advantage over standard OCT which offers a detailed evaluation of the RPE lesion at each location. It is not surprising that the condition of the RPE is critical to the visual outcome. Our group has recently been able to show that the commonly used retinal thickness measurement may not be reliable in certain retinal diseases as a predictive parameter for visual function. 25 Midena et al. 16 also recently showed that macular sensitivity significantly decreases over large drusen (11.2 Ϯ 5.6 dB, P Ͻ 0.0001) and over RPE abnormalities (13.1 Ϯ 3.6 dB, P Ͻ 0.0001). When both characteristics were present, the reduction was highest when compared to the absence of those factors (9.6 Ϯ 4.3 dB vs. 15.0 Ϯ 4.5 dB; P Ͻ 0.0001). This finding further stresses the superiority of RPE analysis over mere estimation of retinal thickness or volume, as also reflected by our data obtained in a study of patients with CNV.
Tezel et al. 26 extensively investigated the relationship between retinal sensitivity and underlying retinal anatomy and found that the relative risk of an absolute scotoma is highest over areas of chorioretinal scars, RPE atrophy, subretinal hemorrhage, and the neovascular membrane with its destructive growth. The importance of the RPE condition is further highlighted by Schneider et al., 27 who found that eyes with classic CNV had deeper scotomas than eyes with occult CNV.
The immediate effects of ranibizumab therapy documented by SDOCT are in concordance to previous reports using StratusOCT. However, the analysis of computed parameters of retinal anatomy and the relation to visual function indicate that the commonly used parameter of retinal thickness may not be sufficient for correlating retinal morphology and visual function when the extent of the subretinal lesion is not determined. The improved resolution provided by high-resolution SDOCT for morphologic evaluation, together with adequate parameters of retinal function, may help to facilitate diagnosis and development of treatment regimens for patients with neovascular AMD in the era of antiangiogenic therapy. 
